Regular exercise training attenuates pulmonary inflammatory responses to inhaled alumina refinery dust in mice  by Normando, Valéria Marques Ferreira et al.
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Exposure  to alumina  dust  has  been  recently  associated  with  impaired  lung  mechanics  and  inﬂammation.
We  aimed  at evaluating  if  moderate  exercise  training  prevents  these  outcomes.  Twenty-three  female
BALB/c  mice  (25–30  g)  were  randomly  divided  in  two  main  groups:  control  (C)  and exercise  (E), which
were  submitted,  or  not,  to 15  min  of swimming,  5  days/week  during  4 weeks.  Then,  the  animals  were
exposed  for 1 h to either  saline  solution  (CS  or  ES)  or to a  suspension  of 8 mg/m3 of  alumina  dust  (CA or  EA).ir pollution
ung mechanics
nﬂammation
Twenty-four  hours  later  pulmonary  mechanics  was determined  by  the  end-inﬂation  occlusion  method.
Left  lungs  were prepared  for  histology  and  right  lungs  for  TGF-  determination.  Static  elastance  increased
after  alumina  dust  exposure  independently  of swimming.  In CA group  the  viscoelastic  component  of
elastance,  the  viscoelastic/inhomogeneous  pressure,  the  polymorphonuclear  amount,  the fraction  area
of  alveolar  collapse  and  TGF-  increased.  Thus,  exercise  training  may  mitigate  the pro-inﬂammatory
response  to inhaled  aluminum  reﬁnery  dust.. Introduction
Aluminum reﬁnery workers are constantly exposed to alu-
inum oxide (Al2O3) obtained from bauxite (Musk et al., 2000),
eporting respiratory symptoms. Decreased lung function and lung
nﬂammation have been observed in epidemiologic (Kraus et al.,
000; Fritschi et al., 2003) and experimental (Halatek et al., 2005;
chinose et al., 2008; Mazzoli-Rocha et al., 2010) studies. Neigh-
orhoods of the aluminum oxide industry are also exposed to
oncentrations of alumina dust, making these communities sus-
eptible to develop respiratory alterations (Chattopadhyay et al.,
007).
High intensity exercise practiced under stressed conditions
riggers a transitory state of low immunity (Brenner et al., 1994).
n the other hand, while regular exercise can be beneﬁcial
o health, a sedentary style of life is detrimental to it (Brines
t al., 1996). Daily physical activity may  be able to modulate the
mmune system (Brines et al., 1996), increasing the resistance to
espiratory infections (Oliveira et al., 2007; Malm,  2006). Regular
xercise improves histology, decreases free radical production and
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increases the activity of anti-oxidant enzymes in mice exposed
to cigarette smoke (Menegali et al., 2009). Recently, Toledo et al.
(2012) demonstrated that physical training minimized the reduc-
tion in lung elastance and reduced oxidative stress in mice exposed
to cigarette smoke. Hence, the aim of this study was to evalu-
ate whether regular exercising prevents pulmonary alterations
induced in a murine model of acute exposure to alumina dust.
2. Materials and methods
2.1. Animal preparation
Twenty-three female BALB/c mice (20–25 g) were randomly
divided into 2 groups: control (C, n = 10) and exercise (E, n = 13)
that swam for 15 min/day, 5 days per week during 4 consecutive
weeks (E), or remained sedentary (C). After a 4-week training, all
animals were exposed for 1 h in a whole-body chamber to either
sterile saline (CS, n = 6 or ES, n = 4) or to a suspension of 8 mg/m3
of alumina dust (CA, n = 6 or EA, n = 7) collected in an aluminum
reﬁnery, both delivered by an ultrasonic nebulizer. Each animal
rested in a container, which was made of high clarity polypropy-
Open access under the Elsevier OA license.lene falcon tubes whose conical tips were cut off and replaced
by metal meshes and whose lids were perforated; the containers
rested side by side inside the exposure chamber (Mazzoli-Rocha
et al., 2010). All animals were analyzed 24 h after saline or alumina
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ust exposure. They received humane care in compliance with the
Principles of Laboratory Animal Care” formulated by the National
ociety for Medical Research and the “Guiding Principles in the
are and Use of Animals” approved by the Council of the American
hysiological Society. The study was approved by the Institutional
ommittee for Animal Care and Use, Health Sciences Center,
ederal University of Rio de Janeiro (Protocol no. IBCCF 046).
.2. Particle sampling and preparation
A suspension of 8 mg  of particles/m3 of air was  obtained by
ltrasonicating 5 mg  of the collected dust in 83.3 mL  of sterile
aline solution (NaCl 0.9%). The dose was calculated based on the
ody chamber volume (7 L) and on the airﬂow of the nebulizer
1 mL/min), taking into consideration the high dose reported by
ritschi et al. (2001).
.3. Particle analysis
The particulate matter was digested in a HNO3–HClO4 mixture
nd after dissolution was brought to a ﬁnal volume of 15 mL  of
Cl 0.1 M.  The extract was  analyzed by ﬂame atomic absorption
pectroscopy (VARIAN AA1475, Varian, Inc., Palo Alto, CA, USA)
ollowing recommended standard operating procedures (Varian,
981) and previous reports (Trindade et al., 1981; Azcue et al.,
988). Trace elements, nickel (Ni), manganese (Mn), aluminum (Al),
ron (Fe), lead (Pb), chromium (Cr), cadmium (Cd), copper (Cu), zinc
Zn) and mercury (Hg), were measured and the results expressed
s g/g of particles. Three independent samples of the particulate
atter were analyzed for this purpose.
The distribution of particle sizes, as measured by their volume
nd surface, and the diameters encompassing 90%, 50% and 10% of
he particulate matter were determined by laser diffraction (Long
ench Mastersizer S, Malvern Instruments Ltd., Malvern, Worces-
ershire, United Kingdom). The particulate matter was visualized
y scanning electron microscopy (JEOL 5310, Tokyo, Japan).
.4. Pulmonary mechanics
Twenty-four hours after exposure to either aerosolized sterile
aline solution (CS and ES) or to 8 mg/m3 of aluminum dust (CA
nd EA) in a whole-body chamber during 1 h (1 mL/min), the
nimals were sedated with diazepam (1 mg  i.p.), anesthetized
ith pentobarbital sodium (20 mg/kg body weight i.p.), placed
n the supine position on a surgical table, tracheotomized, and a
nugly ﬁtting cannula (0.8 mm ID) was introduced into the trachea.
he animals were then paralyzed with pancuronium bromide
0.1 mg/kg) and their anterior chest wall was surgically removed. A
neumotachograph (1.5 mm ID, length = 4.2 cm,  distance between
ide ports = 2.1 cm)  (Mortola and Novoraj, 1983) was connected
o the tracheal cannula for the measurements of airﬂow (V′). Tidal
olume (VT) was determined by digital integration of the ﬂow
ignal. The pressure gradient across the pneumotachograph was
etermined by a Validyne MP45-2 differential pressure transducer
Engineering Corp, Northridge, CA, USA). The ﬂow resistance of the
quipment (Req), tracheal cannula included, was  constant up to
ow rates of 26 mL/s and amounted to 0.12 cmH2O/mL/s. Equip-
ent resistive pressure (= ReqV′) was subtracted from pulmonary
esistive pressure so that the present results represent intrinsic
alues. Transpulmonary pressure was measured with a Vali-
yne MP-45 differential pressure transducer (Engineering Corp,
orthridge, CA, USA). All signals were conditioned and ampliﬁedn a Beckman type R Dynograph (Schiller Park, IL, USA). Flow and
ressure signals were then passed through 8-pole Bessel low-pass
lters (902LPF, Frequency Devices, Haverhill, MA,  USA) with the
orner frequency set at 100 Hz, sampled at 200 Hz with a 12-bitogy & Neurobiology 186 (2013) 53– 60
analog-to-digital converter (DT2801A, Data Translation, Marlboro,
MA,  USA), and stored on a microcomputer. All data were collected
using LABDAT software (RHT-InfoData Inc., Montreal, QC, Canada).
Lung resistive (P1) and viscoelastic/inhomogeneous (P2)
pressures, static elastance (Est), and viscoelastic component of elas-
tance (E) were computed by the end-inﬂation occlusion method
(Bates et al., 1985, 1988). Brieﬂy, after end-inspiratory occlusion,
there is an initial fast drop in transpulmonary pressure (P1) from
the pre-occlusion value down to an inﬂection point (Pi) followed
by a slow pressure decay (P2), until a plateau is reached. This
plateau corresponds to the elastic recoil pressure of the lung (Pel).
P1 selectively reﬂects airway resistance in normal animals and
humans and P2 reﬂects stress relaxation, or viscoelastic proper-
ties of the lung, together with a small contribution of time constant
of alveoli (Bates et al., 1988; Saldiva et al., 1992). Lung static and
dynamic elastances (Est and Edyn, respectively) were calculated by
dividing Pel and Pi by tidal volume, respectively. E  was calculated
as Est −Edyn, and reﬂects the viscoelastic component of elastance
(Bates et al., 1985, 1988).
2.5. Histological study
Heparin (1000 IU) was intravenously injected immediately after
the determination of pulmonary mechanics. The trachea was
clamped at end-expiration and the animals were euthanized by
exsanguinations via sectioning of the abdominal aorta and the vena
cava. The lungs were removed and weighed. Functional residual
capacity (FRC) was  determined by volume displacement (Scherle,
1970). Left lungs were then ﬁxed with Millonig formaldehyde
(100 ml  HCHO, 900 ml  H2O, 18.6 g NaH2PO4, 4.2 g NaOH), routinely
prepared for histology, embedded in parafﬁn, and two  3-m-thick
longitudinal slides from the left lung were cut and stained with
hematoxylin–eosin.
Morphometric analysis was  performed with an integrating eye-
piece with a coherent system made of a 100-point and 50-line
(1250-m-long each) grid coupled to a conventional light micro-
scope (Axioplan, Zeiss, Oberkochen, Germany). The fraction areas
of collapsed and normal alveoli were determined by the point-
counting technique at a magniﬁcation of ×200 across 10 random
non-coincident microscopic ﬁelds per animal. Points falling on nor-
mal  or collapsed alveoli were expressed as percentage of points
hitting those alveoli (Weibel, 1990). Polymorphonuclear (PMN) and
pulmonary tissue were evaluated at ×1000 magniﬁcation across 10
random non-coincident microscopic ﬁelds in each animal. Points
falling on PMN  was counted, and divided by the total number
of points falling on tissue area in each microscopic ﬁeld (Weibel,
1990).
In all animals exposed to alumina dust the presence of alumina
crystals in the lung (alveolar spaces and airways) was  qualita-
tively evaluated under polarized light (Axioplan, Zeiss, Oberkochen,
Germany) at 1000× magniﬁcation.
2.6. Preparation of lung homogenates for determination of
inﬂammatory cytokines
The right lungs were homogenized in 1 mL of PBS with
protease inhibitors (1 g/mL leupeptin and 1 g/mL pepstatin).
Homogenates were centrifuged (Centrifuge 5415R, Hamburg,
Germany, 4 ◦C, 6700 × g, 15 min) and then, the supernatant
was collected for transforming growth factor beta (TGF-) and
interleukin-1beta (IL-1) assays by ELISA (R&D Systems Inc., Min-
neapolis, MN,  USA), according to the manufacturer’s protocol. Total
protein concentration in lung homogenates was  determined by
Bradford’s method (Bradford, 1976). Concentration of cytokines in
lung homogenates was  further normalized to protein concentra-
tion in the samples and expressed as picograms per milligram of
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Table  1
Metals in aluminum dust particulate matter.
Elements Mean (g/g) SD
Ni 24.71 12.92
Mn 102.65 112.42
Al 97,451.16 49,725.90
Fe  19,204.09 10,547.38
Pb  158.16 87.46
Cr  56.54 29.82
Cd  1.08 1.37
Cu 255.04 139.52
Zn 392.38 431.36
Hg 7211.48 3949.32
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Fig. 2. Absolute values of body weight during 4 weeks in control (C) and exercising
physical exercise. Additionally, exercise training before particle
exposure caused no changes in resistive and viscoelastic compo-
nents, but Est increased in this group (Fig. 3).oncentration of metals were measured three times and the results expressed as
ean and SD.
rotein. Optical density was measured at 450 nm by a microplate
eader (SpectraMax 190, Molecular Devices, Sunnyvale, CA, USA).
.7. Statistical analysis
The normality of the data and the homogeneity of variances
ere tested by Kolmogorov–Smirnov test with Lilliefors’ correc-
ion and Levene median test, respectively. In all instances both
onditions were satisﬁed and parametric tests were run. One-way
NOVA was used to compare the values of body weight measured
very 7 days, throughout 4 weeks in each group. Weight differences
etween control and exercise groups at every 7 days were evaluated
y Student’s t-test. Two-way ANOVA was applied to the remaining
arameters (factors: exercise and alumina). For all ANOVAs, the
tudent–Newman–Keuls was used as a post hoc test. The morpho-
etric data, originally expressed as percent, underwent an arcsine
ransformation, in order to generate a normal distribution. The sta-
istical analyses were carried out by the SigmaStat 9.0 software
SYSTAT, Point Richmond, CA, USA). In all instances p < 0.05 was
onsidered a statistically signiﬁcant difference.
. Results
Metal composition of alumina dust is presented in Table 1. A
igh concentration of the element Al, followed by Fe and Hg was
ound.
Scanning electron micrographs of particles are shown in Fig. 1,
emonstrating the frequency distribution of diameters of particle
ample. 90% of particles diameter are under 150 m,  being 50%
elow 100 m and 10% smaller than 57 m.A progressive increase in body weight was observed along time
n animals not submitted to physical exercise. In exercising group,
 decrease in body weight occurred during the ﬁrst week of aquatic
ig. 1. Histogram of the frequency distribution of particle diameters. Accumulated
requency is represented by the solid line.mice  (E). Values are mean ± SEM of 4–7 animals in each group. *Signiﬁcantly dif-
ferent from day 28; ** signiﬁcantly different from day 21; # signiﬁcantly different
from E.
training, but thereafter the values did not differ from those in con-
trol mice (Fig. 2).
All mechanical parameters (P2, E and Est) but P1 were
higher after alumina dust exposure in animals not submitted toFig. 3. Lung static elastance (Est), elastic component of viscoelasticity (E) (upper
panel), and pressures spent against resistive components of lung mechanics (P1
and P2: pressures spent to overcome resistive and viscoelastic/inhomogeneous
mechanical components, respectively, lower panel) in mice that had undergone (E
group), or not (C group), exercise training and were then exposed for 1 h to either
sterile saline (CS and ES) or to a suspension (in saline) of 8 mg/m3 of particulate
matter (CA and EA) with a high content of aluminum, both delivered by an ultra-
sonic nebulizer. Measurements were performed 24 h after saline or alumina dust
exposure. Bars are mean ± SEM of 4–7 animals in each group (10–15 determina-
tions per animal). * Signiﬁcant difference between alumina and saline exposed mice
(p  < 0.05); ** signiﬁcant difference (p < 0.001).
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Fig. 4. Photomicrograph of lung parenchyma under polarized light showing two
crystals of alumina in the alveolar space and on the alveolar epithelium. Sample
F
s
S
c6 V.M.F. Normando et al. / Respiratory P
Crystals of alumina were observed in alveolar spaces of all ani-
als exposed to alumina. A representative image is shown in Fig. 4.
n one instance a crystal was detected in an airway.
Fig. 5 depicts photomicrographs of lung parenchyma showing
ulmonary inﬂammation after inhalation of alumina dust, as sug-
ested by the more important inﬂux of PMN  cells (upper right-hand
orners inserts), and increased alveolar collapse (evidenced by #).
xposure to particulate matter increased the fraction area of alve-
lar collapse in CA and EA, being more pronounced in the former
Table 2). Also in Table 2, one can see that physical exercise pre-
ented PMN cell inﬂux into the lung parenchyma in EA group.
Functional residual capacity decreased in animals exposed
o alumina dust (CA = 0.12 ± 0.07 mL  and EA = 0.12 ± 0.04 mL,
ean ± SD) in relation to their controls (CS = 0.25 ± 0.16 mL  and
S = 0.23 ± 0.10 mL), independently of previous exercise.
An increase in TGF- was observed after exposure to alumina
ust. This alteration was minimized by exercise (Fig. 6, upper
anel). IL-1 expression did not differ among the groups (Fig. 6,
ower panel).
The survival rate was 100% in all groups throughout the
xperiment.
was obtained 24 h after exposure. Hematoxylin–eosin (1000×).  Bar: 50 m.
ig. 5. Photomicrographs of lung parenchyma from mice that had undergone (E group), or not (C group), exercise training and were then exposed for 1 h to either sterile
aline  (CS and ES) or to a suspension (in saline) of 8 mg/m3 of particulate matter (CA and EA) with a high content of aluminum, both delivered by an ultrasonic nebulizer.
amples were obtained 24 h after inhalation and stained with hematoxylin–eosin (200×). Upper right-hand corners inserts were obtained at 1000× magniﬁcation; note that
ell  inﬂux is more prominent in CA lung. # indicates alveolar collapse. Bar: 100 m.
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Table  2
Morphometrical parameters and cellularity in lung parenchyma.
CS CA ES EA
Normal area (%) 88.8 ± 1.8a 66.5 ± 2.1b 84.5 ± 4.0a 75.5 ± 3.6a,b
Alveolar collapse (%) 11.2 ± 1.8a 33.5 ± 2.1b 15.6 ± 4.0a 24.5 ± 3.6a,b
PMN  (cells ×10−3/m2) 2.8 ± 0.4a 8.8 ± 3.0b 4.9 ± 0.4a,b 4.9 ± 0.7a,b
Values are mean ± SD of 4–7 animals/group. Data were gathered from ten random, non-coincident ﬁelds per mouse in mice that had undergone (E group), or not (C group),
exercise training and were then exposed for 1 h to either sterile saline (CS and ES) or to a suspension (in saline) of 8 mg/m3 of particulate matter (CA and EA) with a
high  content of aluminum, both delivered by an ultrasonic nebulizer. Measurements we
represent signiﬁcantly different values (p < 0.05).
Fig. 6. Concentrations of TGF- and IL-1 in lung homogenates of mice that had
undergone (E group), or not (C group), exercise training and were then exposed for
1  h to either sterile saline (CS and ES) or to a suspension (in saline) of 8 mg/m3 of
particulate matter (CA and EA) with a high content of aluminum, both delivered by
an ultrasonic nebulizer. Measurements were performed 24 h after saline or alumina
dust exposure. Bars are mean ± SEM of 4 animals in each group (in each mice two
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results), decreased lung function and parenchymal inﬂammationnalyses were run for each sample). * Signiﬁcantly different groups are linked by
orizontal solid lines (p < 0.05).
. Discussion
In the present study in mice we demonstrated that lung mechan-
cal and histological alterations after a single aerosolization of dust
ontaining a high concentration of aluminum were in part mini-
ized by previous aquatic exercise training.
As previously mentioned, 4 mg/m3 breathable dust content and
.5 mg/m3 respirable dust content may  not affect the healthy of
luminum reﬁnery workers (Deutsche Forschungsgemeinschaft,
006). Additionally, the concentration should not exceed 10 mg/m3
or up to a 10-h workday (NIOSH, 2005). Accordingly, the admin-
stered dose was identical to that used in a previous study
Mazzoli-Rocha et al., 2010), in which the animals were exposed
o a suspension (in saline) of 8 mg/m3 of alumina dust, a dose
maller than that recommended for human exposure (NIOSH,
005). An exposure to 8 mg/m3 of particulate matter corresponds
o 0.48 mg/kg in mice (body weight: 20 g, breathing frequency:re performed 24 h after exposure. PMN, polymorphonuclear cells. Different letters
100 bpm, and tidal volume: 0.2 mL), a dose smaller than that used in
rats and mice: 75 mg/kg (Halatek et al., 2005) and 4 mg/kg (Ichinose
et al., 2008), respectively, and that approximates an 8-fold value in
relation to the highest dose reported by Fritschi et al. (2001) in
human beings.
Decreased lung function after alumina dust exposure has been
observed even in small doses (Schlesinger et al., 2000; Abbate et al.,
2003; Barnard et al., 2004; Chattopadhyay et al., 2007; Mazzoli-
Rocha et al., 2010). Additionally, accumulated exposure seems to
be one of the most important factors related to the pulmonary tox-
icity and may  be involved in alveolar macrophage inﬂux (Pauluhn,
2009a, 2009b); we avoided such design because our aim was to
investigate the role of exercise in mice acutely exposed to low doses
of aluminum dust.
In the present study, size frequency distribution and composi-
tion of the dust particles were analyzed. Since 10% of the particulate
matter had a diameter smaller than 57 m (Fig. 1), some of them
reached alveolar spaces, as illustrated in the photomicrograph
under polarized light (Fig. 4). As depicted in Table 1, particulate
matter showed a high concentration of the element aluminum. The
second most frequently element, iron, has been described as the
main culprit in triggering oxidative stress (Park et al., 2006) and
producing reactive oxygen species (ROS) (Smith and Aust, 1997).
Some authors suggest that other metals act as coadjutants in the
genesis of pulmonary injury (Prahalad et al., 2000, 2001). The ini-
tial phase of the pulmonary reaction to particle exposure seems to
be inﬂuenced by individual metals, whereas the persistence of the
response would reﬂect the complexity of the interaction among dif-
ferent metals (Dreher et al., 1997; Antonini et al., 2004). However, it
is not possible to exclude the contribution of other non-determined
constituents of the particle composition.
We measured elastic, resistive and viscoelastic parameters by
the end-inﬂation occlusion method, allowing the identiﬁcation
of elastic, resistive, and viscoelastic and/or inhomogeneous lung
mechanical components (Bates et al., 1985, 1988). In line with
previous results (Mazzoli-Rocha et al., 2010), viscoelastic pres-
sure, static elastance and viscoelastic component of elastance were
higher in CA than in CS (Fig. 3), which implies that lung parenchyma
was compromised, whereas large airways were not. Additionally,
an inﬂux of polymorphonuclear cells and an increase in alveo-
lar collapse were more important in group CA than in CS (Fig. 5
and Table 2). The cell inﬂux into the alveolar walls, as well as
the decreased lung function reported in this study was previously
observed in hamsters (Drew et al., 1974), mice (Mazzoli-Rocha
et al., 2010), and rats (Halatek et al., 2005) after aluminum exposure.
According to Donaldson et al. (2001),  the coarse particles may  be
mostly restrained in the superior airways and cause local irritation
unchaining symptoms as cough. On the other hand, ultraﬁne parti-
cles can cause damage to the lung periphery. Although an increase
in resistive pressure was not found (in accordance with previouscould be observed by pulmonary mechanics and histology analy-
ses. This phenomenon could be explained by the fact that in general
coarse particles are comprised of up to 50% by mass of ultraﬁne
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articles (Donaldson and Stone, 2003) and these small aggregated
articles may  be the active component of the coarse ones (Anderson
t al., 2001).
Particulate inhalation from environmental (Liu et al., 2007) and
ccupational (Trupin et al., 2003) air pollutants has been identiﬁed
s being among the primary causes and exacerbations of pulmonary
iseases. The inﬂammation injury is followed by an unbalanced
epair process characterized by an inappropriate production or
egradation of the organic matrix, leading to abnormal lung archi-
ecture and impairment of lung function (Wolff and Crystal, 1997;
an den Brûle et al., 2005). The secretion of growth factors, such
s TGF-, contributes to the increased production of matrix com-
onents by ﬁbroblasts, yielding to lung remodeling (Wolff and
rystal, 1997; Wang et al., 2009). In order to verify a possible
emodeling process in mice exposed to alumina dust, two  cytokines
ere determined in lung homogenate (TGF- and IL1-). TGF-
ignaling controls cell proliferation, recognition and differentiation
Shi and Massagué, 2003), and represents a potent ﬁbrogenic agent
hat stimulates ﬁbroblast chemotaxis, and enhances the production
f collagen, ﬁbronectin, and proteoglycans (Leask and Abraham,
004). In animal model of bleomycin-induced pulmonary ﬁbrosis,
GF- production is increased before collagen synthesis, mainly
y alveolar macrophages (Khalil et al., 1989). In a human ﬁbrotic
ung disease (idiopathic pulmonary ﬁbrosis), increased TGF- pro-
uction can be detected by immunohistochemical staining, in
pithelial cells and macrophages in areas of lung regeneration and
emodeling (Khalil et al., 1991). In the present study, Fig. 6 shows
n increase in the production of TGF- in CA group in relation to
S. Accordingly, Wistar rats intratracheally exposed to a unique
nstillation of silica had an increase of TGF- in bronchoalveolar
avage ﬂuid (BALF) after 7 days of exposure (Wang et al., 2009).
an den Brûle et al. (2005) demonstrated an increase in TGF- in
ung homogenate of C57BL/6, but not BALB/c mice, one month after
ilica intratracheal instillation. The difference between our results
nd those of Van den Brûle et al. (2005) could be due to the dura-
ion between the end of exposure and the experiments and/or to
he different particulate matter used. In this connection the patho-
enesis of silicosis involves alveolar cell injury, cytokine signaling
nd cell recruitment in the areas of silica dust deposition (Brown
t al., 2007; Kühlmann et al., 2009). This ﬁnding suggests that lung
brosis could take place in CA mice after the completion of lung
emodeling.
Lung ﬁbrosis is dependent on the inﬂux and activation of inﬂam-
atory cells that release key pro-inﬂammatory cytokines such as
NF- and IL-1 that directly stimulate ﬁbroblast functions and
ulmonary deposition of matrix proteins (Lundblad et al., 2005;
i Giuseppe et al., 2009). IL-1 has been shown to be among the
ost biologically active cytokines in the lungs early after the onset
f lung injury (Olman et al., 2002; Ganter et al., 2008). In addition,
his cytokine is a potent inducer of TGF-, and part of its proﬁbrotic
ffects is probably mediated through this growth factor (Kolb et al.,
001). In the present study, we observed a non-signiﬁcant trend
o higher IL-1 concentration in lung homogenate of CA group in
elation to CS (Fig. 6). Interestingly, qualitatively TGF- and IL-1
epicted the same group-wise behavior and indeed an increase in
L-1 expression could have preceded TGF- induction (Kolb et al.,
001). Taken together, the results of TGF- and IL-1 suggest that
ung ﬁbrosis could take place in CA mice after the completion of
ung remodeling.
Exercise modiﬁes homeostasis leading to a reorganization of
ystems responses, including the immune system (Brenner et al.,
994). In general, regular and moderate exercise improves the reac-
ion capacity of the immune system (Woods et al., 2009; Beavers
t al., 2010), whereas high intensity exercise practiced under
tressed conditions yields to a transitory state of low immunity
Brenner et al., 1994). Chronic practice of regular exercise exerts aogy & Neurobiology 186 (2013) 53– 60
marked anti-inﬂammatory effect in different lung disease, such as
asthma (Pastva et al., 2004; Vieira et al., 2007, 2008) and chronic
obstructive pulmonary disease (Menegali et al., 2009; Toledo et al.,
2012). In this way, we decided to expose mice to alumina dust after
a 4-week exercising routine in order to evaluate its putative pro-
tective action against the particulate matter aggression. For such
purpose we studied trained animals exposed (EA) or not (ES) to
alumina dust. Fig. 3 discloses that exercise training prevented the
increase in E  and P2 in EA in relation to ES, although the increase
in Est could not be avoided (Fig. 3). P2 normalization could be
attributed to attenuation of lung tissue stiffness owing to reduced
alveolar collapse (Fig. 5 and Table 2). However, although exercise
resulted in less heterogeneous lungs, it was  not enough to keep
all alveoli open and restore FRC (lower in EA than in ES) and Est
(higher in EA than in ES). We  could ﬁnd only one study relating exer-
cise and lung mechanics. It reports that moderate exercise training
(60 min/day, 5 days/week, during 24 weeks) did not modify tissue
damping and prevented the reduction of tissue elastance in mice
(C57BL/6) exposed to cigarette smoke (Toledo et al., 2012). Air-
way resistance behaved similarly in both studies. The difference
between their and our results could be due to a species differ-
ence, exposure to different pollutants, method used to determine
mechanical parameters, and duration and/or intensity of training.
In this study alveolar collapse and cell inﬂux to lung
parenchyma were also minimized by previous exercise (Fig. 5 and
Table 2). Accordingly, exercise training alleviates lung inﬂamma-
tion, demonstrated by the reduction in total cell count in BALF of
mice exposed to cigarette smoke (Yu et al., 2012). This reduction
was attributed to decreased number of lymphocytes, macrophages
and neutrophils (Yu et al., 2012). Vieira et al. (2012) also observed a
beneﬁcial effect of aerobic exercise (5 times/week, during 5 weeks)
in reducing neutrophils and lymphocytes inﬂux caused by diesel
exhaust particles (DEP) exposure.
According to Nemet et al. (2003),  exercise modiﬁes the
concentration of circulating cytokines involved in the immune
responses. Physical exercise can induce the sequential release of
pro-inﬂammatory cytokines (TNF- and IL-1), anti-inﬂammatory
cytokines (IL-10) and also IL-6 (classiﬁed as both pro- and anti-
inﬂammatory cytokine) (Petersen and Pedersen, 2005). In the
present study, exercise training maintained TGF- at the same lev-
els as in groups CS and ES and smaller than in CA. Physical exercise
did no alter IL-1 expression (Fig. 6). Exercise training prevents the
increase of nitric oxide in BALF of mice exposed to DEP and reduced
lung parenchymal remodeling by inhibiting collagen accumulation
in lung parenchyma (Vieira et al., 2012).
It is important to note that exercise alone (ES group) did not
modify lung function and histology as well as cytokine release (val-
ues similar to CS).
Our study presents limitations: we  did not measure levels of
different markers of inﬂammation and oxidative stress after/before
inhalation with/out exercise, as well as damage to epithelial cells,
mucociliary transportation and the surfactant system that could
have been modiﬁed by exposure to particulate matter.
In this study, we  demonstrated for the ﬁrst time in mice exposed
to alumina dust that regular exercise partially prevented lung
mechanical impairment and the triggering of TGF-. Addition-
ally, the recruitment of PMN  cells and the increase of alveolar
collapse observed in CA were minimized in EA group. To our knowl-
edge no animal studies on pulmonary mechanics, lung histology
and cytokine concentration in lung homogenate after aluminum
exposure and pretreated with exercise could be found in the
literature.In conclusion, we  demonstrated that regular exercise could
partially prevent lung inﬂammation induced by a single aerosoliza-
tion of small amounts of particulate matter containing mostly
aluminum.
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